Mutations in the heart and muscle isoform of adenine nucleotide translocator 1 (ANT1) are associated with autosomal-dominant progressive external opthalmoplegia (adPEO) clinically characterized by exercise intolerance, ptosis and muscle weakness. The pathogenic mechanisms underlying the mitochondrial myopathy caused by ANT1 mutations remain largely unknown. In yeast, expression of ANT1 carrying mutations corresponding to the human adPEO ones causes a wide range of mitochondrial abnormalities. However, functional studies of ANT1 mutations in mammalian cells are lacking, because they have been hindered by the fact that ANT1 expression leads to apoptotic cell death in commonly utilized replicating cell lines. Here, we successfully express functional ANT1 in differentiated mouse myotubes, which naturally contain high levels of ANT1, without causing cell death. We demonstrate, for the first time in these disease-relevant mammalian cells, that mutant human ANT1 causes dominant mitochondrial defects characterized by decreased ADP -ATP exchange function and abnormal translocator reversal potential. These abnormalities are not due to ANT1 loss of function, because knocking down Ant1 in myotubes causes functional changes different from ANT1 mutants. Under certain physiological conditions, mitochondria consume ATP to maintain membrane potential by reversing the ADP -ATP transport. The modified properties of mutant ANT1 can be responsible for disease pathogenesis in adPEO, because exchange reversal occurring at higher than normal membrane potential can cause excessive energy depletion and nucleotide imbalance in ANT1 mutant muscle cells.
INTRODUCTION
Familial progressive external ophthalmoplegia (PEO) is an adult onset disorder, clinically characterized by external ocular muscle paralysis, ptosis and exercise intolerance. Ataxia, depression, cardiomyopathy and other clinical symptoms may be present in some patients (1) . Typically, muscle biopsies show abnormal accumulation of mitochondria and mild reduction of oxidative phosphorylation enzymes. Muscle mitochondrial DNA (mtDNA) often contains multiple deletions, although the pathogenic significance of such mtDNA abnormalities is still unclear.
Genetically, familial PEO is heterogeneous with autosomaldominant (ad) and recessive forms, linked to various genes, such as the mtDNA polymerase (POLG1) (2) and the mitochondrial helicase TWINKLE (3) . A subset of autosomaldominant progressive external opthalmoplegia (adPEO) is caused by mutations in the gene encoding for the adenine nucleotide translocator 1 (ANT1) (4) .
Two missense mutations in ANT1 were initially identified in a cohort of adPEO Italian patients, one resulting in an Ala114Pro amino acid change in the third transmembrane domain and the other in a Val289Met change in the sixth transmembrane domain (4) . Since then, other mutations in ANT1 have been associated with adPEO (5 -7).
Adenine nucleotide translocator (ANT) is one of the most abundant mitochondrial proteins. It is encoded by nuclear DNA, synthesized in the cytosol, imported into mitochondria * To whom correspondence should be addressed at: Department of Neurology and Neuroscience, Weill Medical College of Cornell University, 525 East 68th Street, A-505, New York, NY 10065, USA. Tel: +212 746 4605; Fax: +212 746 8276; Email: gim2004@med.cornell.edu by internal targeting sequences and inserted in the inner membrane (IM) (8 -10) . ANT assembles in multimeric translocating units (11) , whose primary function is to transport cytosolic ADP into mitochondria and ATP generated by oxidative phosphorylation from the matrix to the cytosol. In addition, ANT is thought to have an intrinsic uncoupling property (12) , to be a regulatory component of the mitochondrial permeability transition pore (13, 14) and to be involved in mitochondria-mediated apoptosis (15) .
There are four ANT isoforms in humans, with differential tissue expression (16, 17) . ANT1 is highly expressed in postmitotic cells and is the most abundant isoform in heart and muscle. ANT2 is expressed mainly in tissues capable of proliferation, such as kidney and liver. ANT3 is expressed ubiquitously at lower levels. ANT4 is expressed mainly in the testes, liver and brain (17) .
The molecular mechanisms underlying mitochondrial dysfunction, mtDNA deletions and the pathogenesis of adPEO remain largely unsolved issues. In particular, the effects of adPEO mutations on the ADP -ATP exchange function of ANT1 in mammalian cells are unknown. This problem has been difficult to address because expression of exogenous ANT1 in most mammalian cultured cell lines results in apoptotic death (18) , while myoblasts and fibrobalsts from patients express virtually no ANT1 (4) .
In this study, we generated a cell culture system by expressing human mutant ANT1 in disease-relevant differentiated skeletal myocytes. We succeeded in expressing exogenous human ANT1 in these cells, without causing apoptosis. We showed that exogenous human ANT1 localizes to the mitochondrial IM of myotubes. We used this system to study the dominant negative effects of mutant ANT1 on ADP-ATP translocation, demonstrating, for the first time in a mammalian system, that adPEO mutant ANT1 causes reduced ADP-ATP exchange rates as a function of mitochondrial membrane potential and a lower threshold for nucleotide exchange reversal. We also showed that these defects are not caused by simple loss-of-function mechanism, because Ant1 knockdown results in different types of biochemical abnormalities than the ANT1 mutations, suggesting a novel mechanism of adPEO pathogenesis based on abnormal regulation of mutant ANT1 exchange activity.
RESULTS

Cloning and expression of human ANT1 in C2C12 mouse myotubes
Myotubes, which are multinucleated post-mitotic muscle cells, naturally express high levels of ANT1 (19) ; thus, we reasoned that transduction of ANT1 in these cells would not cause the apoptotic cell death observed in proliferating cultured cells (18) . Therefore, we used an immortalized line of mouse myoblasts, C2C12 cells, which can be efficiently differentiated into myotubes using low-serum culture conditions (20) . To express human ANT1 in C2C12 myotubes, we generated adenoviral vectors encoding human ANT1 with an hemagglutinin (HA) epitope tag at the C-terminus to distinguish it from the endogenous mouse Ant1. Human ANT1 was detected in infected myotubes by immunocytochemistry with an HA antibody, showing high transduction efficiency (Fig. 1A) . Co-staining with the mtDNA-encoded cytochrome oxidase subunit I protein showed a good degree of co-localization with recombinant ANT1 (Fig. 1B) .
While we confirmed that wild-type (WT) human ANT1 expression in replicating HEK 293T cells caused cell death (data not shown), ANT1 expression in myotubes did not, as demonstrated by annexin V staining (Fig. 1C) and cell viability assays 48 h post-infection (Fig. 1D ). Myotubes transduced with an adenovirus-expressing green fluorescent protein (GFP) were used as controls for these experiments.
Mutant ANT1 cDNA derived from adPEO patients with the Ala114Pro and Val289Met mutations (named A114P and V289M, respectively) were also cloned in adenoviral vectors and expressed in C2C12 myotubes. The expression efficiency and mitochondrial localization of both mutant ANT1 constructs were similar to WT (data not shown). Neither WT nor mutant ANT1 caused cell death or modified the apoptotic cell death induced by staurosporine (Fig. 1D) .
Intracellular localization and distribution of recombinant ANT1 in C2C12 myotubes
In order to confirm the correct localization of recombinant ANT1, mitochondria were isolated from transduced myotubes and subfractionated into mitoplasts and post-mitoplast supernatants. Immunoblots with the HA antibody confirmed that WT and mutant ANT1 only localized to the mitoplast fractions, which contains the IM proteins but is devoid of outermembrane proteins ( Fig. 2A, top panels) . All the exogenous proteins appeared to be imported into mitochondria, since the HA antibody did not detect any recombinant ANT1 in the cytosolic fraction. To compare human ANT1 expression levels with that of the endogenous mouse protein, the blots were stripped and re-probed with an antibody against ANT1. The total levels of ANT1 in the mitoplasts of cells expressing WT or mutant recombinant ANT1 were similar to those of GFP control cells, suggesting that exogenous recombinant ANT1 competes with the endogenous protein for integration in the mitochondrial IM ( Fig. 2A, bottom panel) . To confirm that recombinant ANT1 was inserted in the IM, mitochondria were subjected to alkaline extraction that removes proteins marginally associated with membranes. By immunoblot with HA antibodies, we found that the recombinant ANT1 was exclusively present in the membrane fraction, while the soluble matrix protein Hsp60 was only detected in the supernatant (Fig. 2B) .
These results indicate that in myotubes, exogenous ANT1 localizes correctly to the IM and does not increase significantly the total pool of ANT1, likely because it takes the place of the endogenous protein. This suggests that there are different possibilities for ANT multimeric composition in the IM, including only mutant, only endogenous or a combination of mutant and endogenous proteins.
Mitochondrial properties of C2C12 myotubes expressing recombinant ANT1
We sought to determine if the introduction of ANT1 mutants in C2C12 mitochondria induced changes in ADP-driven state 3 (phosphorylating) respiration. Mitochondrial oxygen consumption in digitonin-permeabilized myotubes with glutamate and malate as substrates in the presence of ADP did not show statistically significant changes among GFP controls and ANT1-expressing cells (Fig. 3A) . In addition, mitochondrial ATP synthesis with the same substrates was not significantly different among ANT1-expressing cells and controls (Fig. 3B) . Furthermore, we did not detect changes in the steady-state levels of the total cellular ATP measured in myotubes grown in medium containing galactose as the main carbon source to force cells to utilize oxidative phosphorylation (21) (Fig. 3C ). Cell viability measured by MTT assays in myotubes grown in galactose medium for 24 h was unchanged among ANT1-expressing cells and controls (data not shown).
ANT function is inhibited by carboxyatractiloside (CATR), which binds and blocks ANT in its c-state (cytosolic state), with the binding site for nucleotides facing the outer surface of the membrane, and results in inhibition of ADP-ATP Figure 2 . Localization of human ANT1 in the inner mitochondrial membrane. (A) C2C12 myotubes (DM4) expressing ANT1 (WT, A114P and V289M) or GFP were harvested 48 h after transduction to obtain enriched mitochondrial and cytosolic fractions (C). Mitochondria were further subfractionated into mitoplasts (MP), containing IMs and matrix material, and post-mitoplast supernatant (PMS), containing IMS material and outer membranes. Equal amount of proteins from each fraction were resolved by SDS-PAGE, and immunoblotted for exogenous ANT1 with an antibody against HA (top panel). Tim23 was used as a loading control of inner mitochondrial membrane proteins. The membranes were stripped and re-probed with an ANT1 antibody to determine total levels of ANT1. Purified mitochondria from mouse heart (H) were loaded as a positive control. (B) Mitochondrial fractions were treated with alkaline solution to separate membrane-bound (M) and soluble proteins (S). ANT1-HA was exclusively found in the membrane fraction, whereas the soluble matrix protein Hsp60 was completely released in the supernatant.
translocation (22) . Changes in the sensitivity to CATR could indicate modifications of the structural properties of ANT, reflecting on its ability to bind to the inhibitor. First, the concentration of CATR that inhibits state 3 respiration by 50% was assessed in naïve C2C12 myotubes (0.5 mM, data not shown). Then, ADP-driven respiration was measured in ANT1 mutants and GFP controls, before and after the addition of 0.5 mM CATR. The CATR: state 3 respiration ratio was taken as a measure of the ANT1 sensitivity to CATR, which did not differ significantly among ANT1-expressing cells and controls (Fig. 3E ). Since all cell lines had similar content of ANT1 ( Fig. 2A) , this result suggests that the binding of CATR to ANT1 was unmodified by the mutations.
Because ANT1 mutations in humans have been associated with mtDNA instability, characterized by multiple deletions and depletion (23) , we studied mtDNA integrity by long-range PCR and copy number by quantitative real-time PCR. Neither WT nor mutant recombinant ANT1 caused detectable mtDNA deletions (data not shown) or depletion ( Fig. 3F ), in myotubes transduced with ANT1 for 4 days.
These results indicate that under the experimental conditions that we tested, oxidative phosphorylation function was largely preserved in ANT1-mutant myotubes. Furthermore, they suggest that the mutations did not grossly disturb the structure of ANT1. Finally, at least in the time frame of our observation, the mutations did not induce detectable mtDNA abnormalities. 
ADP -ATP exchange rate in mutant ANT1-permeabilized myotubes
To better understand the pathogenic consequences of adPEOlinked ANT1 mutations, we studied their effects on the adenine nucleotide exchange function of ANT. We used a recently developed approach to measure ADP -ATP exchange rates, as a function of mitochondrial membrane potential (DCm), in mitochondria in situ in permeabilized myotubes (24) .
First, we determined that baseline DCm, measured from Safranine O fluorescence, was not significantly different in myotubes expressing WT and mutant forms of ANT1 (data not shown), confirming that the respiratory chain function was intact in mutant cells.
Next, ADP -ATP exchange rate/DCm profiles were generated for WT and mutant ANT1-expressing myotubes. Mitochondria of A114P myotubes, but not V289M, had slower ADP -ATP exchange rates in the 2161 to 2120 mV DCm range, as compared with WT cells (Fig. 4, asterisks) . In addition, A114P myotubes had a 20% smaller ADP-induced depolarization (Fig. 4 , DCm values prior to addition of the mitochondrial uncoupler SF6847, in the dashed box), suggesting a reduced efficiency of ADP translocation.
The DCm values at which there is no net transfer of ADP -ATP across the IM (reversal potential of the ANT, E rev_ANT ) for WT and mutant ANT1 myotubes were extrapolated from the crossing point of the lines connecting the values of ADP -ATP exchange rate (y-axis) with the x-axis (DCm). Both A114P and V289M mutants exhibited right-shifted E rev_ANT towards more polarized values (Fig. 4, arrows ; E rev_ANT WT, 275 mV; A114P, 2110 mV; V289M, 298 mV). These results indicate that mutant ANT1-expressing cells require more DCm to produce the same amount of ATP. Using the Erev_estimator (http://www.tinyurl.com/Erev-estimator), which allows predicting the matrix adenine nucleotide ratios for a wide range of parameters, we found that at the respective reversal potentials the theoretical matrix ATP/ADP ratio was decreased in ANT1 mutants, as compared with WT (3.6-and 2.2-fold decrease for A114P and V289M, respectively). This suggests that ANT1 mutants are excessively prone to consume ATP in the mitochondrial matrix by reversal of the ATPase function.
ADP-ATP exchange rate in Ant1-silenced myotubes
To determine if the effect of ANT1 mutations on the nucleotide translocation function was attributable to loss of functional ANT units, endogenous Ant1 gene was silenced by stable expression of lentiviral shRNA targeted against mouse Ant1, in C2C12 myotubes. In these cells, Ant1 mRNA was decreased by 94% as compared to scrambled shRNA-treated cells, while Ant2 mRNA remained constant (Fig. 5A ). Ant1 protein in silenced myoblasts was undetectable by western blot (Fig. 5B) , confirming the efficacy of the silencing.
We generated ADP -ATP exchange rate/DCm profiles in Ant1-silenced myotubes. The ADP-ATP exchange rate in Ant1-silenced cells was reduced compared with scrambled shRNA-treated cells (Fig. 5C ). In addition, the silenced cells had a decreased ADP-induced mitochondrial depolarization (22% decrease, dashed box in Fig. 5C ), suggesting reduced efficiency of ADP translocation. This was expected, since less Ant1 was available for exchanging adenine nucleotides. However, unlike ANT1-mutant myotubes, the E rev_ANT point for Ant1-silenced cells was minimally affected, as compared with scrambled control cells (Fig. 5C, arrows) .
We investigated the mtDNA copy number in Ant1-silenced cells. Ant1 knockdown, but not scrambled shRNA, resulted in increased mtDNA content relative to nuclear DNA (by 3-fold, Fig. 5D ) compared with untransfected C2C12 cells. These cells did not appear to have increased mitochondrial content, as shown by similar levels of the IM protein Tim23 relative to b-actin (Fig. 5B) and by unchanged levels of the nuclear-encoded mitochondrial matrix enzyme citrate synthase (data not shown). These results show major differences in the biochemical and genetic effects between Ant1 knockdown and mutant ANT1 expression, indicating that adPEO-linked mutations do not simply cause a loss of functional ANT1 units, but induce functional modifications in the protein.
DISCUSSION
Mutations in ANT1 linked to adPEO were first reported over a decade ago (4). However, the pathogenic biochemical mechanisms underlying the mitochondrial abnormalities in skeletal muscle have remained largely unknown.
So far, the functional consequences of mutant ANT1 associated with adPEO had been investigated in yeast. The A128P mutation in the yeast orthologue AAC2, corresponding to the human A114P pathogenic mutation, caused oxidative phosphorylation deficiency, when expressed in AAC2-null yeast (4). The A128P mutation was shown to form unregulated channels, resulting in swelling and disintegration of mitochondria, when the mutant AAC2 allele was expressed in excess of the WT one (25) . In an AAC2-null background, both the A128P and S303M (equivalent to V289M in human ANT1) AAC2 yeast mutants induced ADP -ATP transport impairment, defective oxidative growth and loss of cytochromes (26) . However, in hetero-allelic strains, expressing both mutant and WT AAC2, these defects were less severe, with no mitochondrial membrane disintegration (26) . The yeast system has also been utilized to mimic the recessive form of myopthy linked to the A123D mutation (A137D in yeast AAC2), which causes a complete loss of translocator activity and a defective oxidative growth that was rescued with antioxidants (17) . Furthermore, in these mutants, there was electron transport chain damage and mitochondrial uncoupling (27) , suggesting additional pathogenic mechanisms for these recessive mutations, possibly unrelated to ADP -ATP transport.
There are caveats in trying to extrapolate conclusions on human disease from the yeast studies. First, they utilized AAC2 carrying mutations in the amino acids corresponding to the human protein, but yeast AAC2 and human ANT1 are quite dissimilar, having only 54% homology (26) . Furthermore, some of the reported abnormalities were only found in yeast, either completely lacking endogenous AAC2 or where the mutant was expressed in excess to the WT (25-27). Therefore, to gain further insight into the effects of mutant ANT1 in mammalian cells our first goal was to generate a viable cell culture system. The main hurdle in studying ANT1 mutants in mammalian cells is that exogenous ANT1 expression, even WT, results in apoptosis in many replicating cell types (18) . Furthermore, in cultured fibroblasts and myoblasts from adPEO patients ANT1 expression is very low, because they express ANT2 predominantly (4). Here, we show that viral expression of ANT1 in differentiated myotubes, which normally express high levels of ANT1, is a viable model to study the pathogenic effects of ANT1 mutations in adPEO. Our findings indicate that mutant ANT1 incorporation in the mitochondrial membrane in the presence of endogenous, normal ANT1, results in a dysfunctional translocator with significant effects on its ADP -ATP exchange rate.
In our myotube model, the decreased exchange rate in mutant A114P ANT1 cells is consistent with a pure defect of ANT function. As baseline DCm values were similar in the ANT1 mutant and WT cells ( 2180 mV), we excluded the possibility of mitochondrial defects other than adenine translocator dysfunction.
Both A114P and V289M ANT1 mutants had a significantly hyperpolarized DCm at E rev_ANT point for ANT1, indicating that the mutant translocator inverted the direction of ADP -ATP exchange (i.e. ADP in -ATP out) at a higher DCm than WT. In other words, in ANT1 mutants, ATP enters the mitochondrial matrix and is hydrolyzed to ADP, despite the fact that DCm is still in the physiological range for ATP synthesis for WT mitochondria. The bioenergetic consequences of this phenomenon are not apparent in cells at rest, respiring with unlimited substrates and oxygen, as shown by normal state 3 respiration and ATP synthesis. However, in the contracting heart or skeletal muscles, DCm fluctuates because of ample changes in intracellular calcium concentration and discontinuous substrate and oxygen supplies (28) . In addition to the transient calcium-induced or permeability transition-induced depolarization events, also known as mitochondrial flickers (29) , muscle mitochondria undergo frequent transitory depolarization events associated with flashes of superoxide production (30) . Under these transient depolarizing conditions, mutant ANT1 mitochondria may be excessively prone to reverse ADP -ATP exchange and consume ATP, possibly leading to spurs of local ATP depletion and nucleotide imbalance.
Pathogenic ANT1 mutations linked with adPEO, including A114P and V289M, lie in the area within helix2 -loophelix3 of the protein (27) . Furthermore, both mutants investigated in this study showed hyperpolarized DCm at E rev_ANT . Despite these similarities, ADP -ATP translocation activity was only affected in the A114P mutant. This implies that, although there may be common functional targets affected by different mutations, not all mutations in this region of the protein cause identical defects in ANT. These differences may have implications for the clinical expression of the disease, which will need to be further elucidated.
Ant1 knockout mice show features of mitochondrial myopathy with ragged-red fibers and hypertrophic cardiomyopathy, as well as increased production of reactive oxygen species in muscle, heart and brain (31) . In these mice, muscle and heart also contain low levels of mtDNA multiple deletions (32) . While this may suggest that Ant1 knockout shares some clinical similarities with the myopathy associated with ANT1 mutations, it is not clear as to whether this holds true at the biochemical level. In our experimental setting, we show that the knockdown of Ant1 in myotubes induces bioenergetic defects different from those caused by expressing mutant ANT1, with decreased translocator activity but normal E rev_ANT . This suggests that the pathogenic mechanisms of adPEO are not simply associated with a loss of ANT1 function, but rather with a modified regulation.
Mutant ANT1 is thought to cause an imbalance of adenine nucleotides in mitochondria that affects dATP synthesis and mtDNA replication/stability, resulting in mtDNA multiple deletions and depletion (33) . However, in a study of ANT-defective yeast, it was shown that mtDNA instability may arise without adenine nucleotide imbalance and mitochondrial damage occurs secondarily to mtDNA biogenesis defects (27) . In our model system (with expression of mutant ANT1 for up to 4 days), we did not observe mtDNA deletions or depletion. We cannot exclude that mtDNA deletions would eventually occur in this system, but their accumulation may require much longer time. For example, in cultured cells, a large imbalance of mitochondrial dNTPs occurred soon after addition of thymidine to the culture medium; however, deletions in mtDNA were not observed until 8 months later (34) . Similarly, imbalance in the pool of dTTP in cultured fibroblasts for 14-64 days did not produce detectable mtDNA alternations (35, 36) . Another reason why we may have not detected mtDNA deletions could be due to cell culture conditions, where the medium may contain components that mask the effect of mutant ANT1 on nucleotide balance or mtDNA stability. For example, the mounting evidence that RNA/DNA hybrids play a role in mtDNA replication (37) may suggest that, in ANT1-mutant mitochondria, an imbalance in the ratio of dNTP and rNTP could affect mtDNA replication. Nevertheless, our findings suggest a sequence of pathogenic events, where the biochemical impairment in ANT1 function would be the primary cause of mitochondrial dysfunction, in muscle carrying ANT1 mutations. This bioenergetic impairment may be initially transient, and not symptomatically apparent. However, with age, the biochemical impairment in ANT1 would lead to nucleotide imbalance resulting in mtDNA multiple deletions and depletion. The latter may worsen the mitochondrial myopathy and contribute to the pathogenesis of adPEO.
The finding of increased mtDNA content in Ant1 knockdown myotubes, in the absence of increased mitochondrial biogenesis, is intriguing and needs further investigation. However, we could speculate that it may be related to the proposed function of ANT1 in the structure of mtDNA nucleoids (38) . Perhaps, mitochondria lacking ANT1, which may be devoid of nucleoid anchoring sites to the IM, could lose the ability to keep mtDNA replication in check. This result further demonstrates the differences between the consequences of having ANT1 mutations and those of a loss of ANT1.
In summary, we have developed a myotube cell culture system for ANT1-associated adPEO with adenoviral transduction of mutant human ANT1. We have identified, for the first time in mammalian cells, the effects of mutant ANT1 on ADP -ATP translocation. We showed that the A114P mutation causes reduced ADP -ATP exchange rates and that both A114P and V289M mutations cause significant effects on the regulation of the translocator by mitochondrial membrane potential. Chronic ADP -ATP exchange defects in ANT1 -adPEO may lead to impaired energy metabolism and nucleotide imbalance in muscle and heart mitochondria, resulting in mtDNA abnormalities and mitochondrial myopathy.
MATERIALS AND METHODS
Cell culture
Mouse C2C12 myoblasts (39) were cultured in DMEM containing 10% FBS and antibiotic -antimycotic solution at 378C in 5% CO 2 . To induce differentiation of myoblasts into myotubes, culture medium was replaced with differentiation medium (DM) containing DMEM and 2% horse serum when the cells reached above 90% confluence. Fusion of myoblasts into elongated and multinucleated myotubes was evident in 4 days in the differentiation medium (DM4). All tissue culture reagents were purchased from Invitrogen (Carlsbad, CA, USA). For growth in galactose, DMEM without glucose was supplemented with 4.5 g/l galactose and 2% dialized horse serum.
ANT1 adenoviral constructs and expression
WT and mutant human ANT1 cDNAs were obtained by RT -PCR of muscle RNA from patients with adPEO and control subjects. Two mutants, A114P in exon 2 and V289M in exon 4, were studied (4). ANT1 cDNA was cloned into the expression vector pCDNA3 (Invitrogen) and an HA-epitope tag was added to the C-terminus of ANT1 for the ease of immunodetection and to discriminate exogenous from endogenous ANT1 expression. Recombinant adenoviral constructs were produced by standard techniques (40) . Briefly, WT, A114P or V289M ANT1-HA were subcloned into a shuttle vector (pShuttle, Stratagene, La Jolla, CA) containing a CMV promoter and recombination with pADEasy-1 was achieved following the manufacturer's instructions (Stratagene). All viral constructs were grown to high titer in HEK293 cells (Microbix Biosystems Inc., Ontario, Canada) and purified by cesium chloride density gradient ultracentrifugation. Virus titer was determined by a cytopathic effect assay (41) . ANT1 adenoviral constructs were also amplified by ViraQuest Inc. (North Liberty, IA, USA). Adenoviral constructs were added directly to culture media after myotubes were formed (DM4) and used between 200 and 500 MOI. Unless otherwise noted, cells were analyzed for various assays after 48 h of expression by the adenoviral vectors at DM6.
Ant1-silenced C2C12 stable cells
Mouse Ant1 in C2C12 cells were silenced with MISSION shRNA lentiviral transduction particles (Sigma, St Louis, MO). Stable cells were created based on the manufacturer's protocol in C2C12 myoblasts and selected with 1 mg/ml puromycin. Scrambled shRNA lentivirus was used to create the control cell line. Stable cells with shRNA for Ant1 and scrambled differentiated into myotubes in a manner same as that of native C2C12 cells. RNA from DM4 myotubes of Ant1 silenced and controls was extracted with the RNAqueous kit (Ambion, Austin, TX), according to the manufacturer's instructions. Ant1 and Ant2 mRNA content from DM4 myotubes were determined by real-time quantitative PCR with primers for Ant1 and Ant2 (QuantiTect Primer Assays, Slc25a4 and Slc25a5, Qiagen, Valencia, CA) and normalized to b-actin mRNA.
Immunocytochemistry C2C12 cells were grown on glass coverslips placed in 24-well plates. Forty-eight hours after adenoviral expression, cells were fixed in 4% paraformaldehyde, followed by permeabilization with 0.1% Triton-X, and blocking in phosphatebuffered saline (PBS) containing 1% bovine serum albumin and 10% normal goat serum. Cells were incubated with primary antibodies against HA (1:600, AbCam, Cambridge, MA) and COXI (1:500, Invitrogen) diluted in blocking buffer for 2 h with gentle shaking. Fluorescently labeled secondary antibodies (1:400) were diluted in blocking buffer and applied to cells for 1 h. After three washes in PBS, the coverslips were mounted onto glass slides and dried. All steps were performed at room temperature.
Cell fractionation and mitochondrial subfractionation
For mitochondrial localization of recombinant ANT1, C2C12 cells were grown in 100 mm plates and adenovirus was added at DM3. 48 h later, cells were harvested, resuspended in sucrose isolation buffer, and fractionated by differential centrifugation into cytosolic and enriched mitochondrial fractions, according to established protocols (42) . Mitochondria-rich fractions were washed with isolation buffer containing 150 mM KCl to remove proteins peripherally associated with mitochondrial membranes by electrostatic interactions. Enriched mitochondria (50 mg protein) were subfractionated to mitoplasts (IM and matrix) and post-mitoplast fractions (containing outer membrane, intermembrane space contents) by swelling, according to previously published protocols (43) . Proteins in the post-mitoplast fraction were precipitated with 12% TCA.
For alkaline extraction of mitochondrial proteins, enriched mitochondria (50 mg protein) were treated with 0.1 M Na 2 CO 3 for 30 min on ice and centrifuged at 100 000 g for 25 min at 48C to obtain the membrane (pellet) and soluble (supernatant) fractions. Soluble proteins in the supernatant were precipitated with 12% TCA prior to western blot analyses.
Western blot analyses
SDS-polyacrylamide gel electrophoresis (PAGE) was performed in 12% gels and proteins were transferred to PVDF membranes (Bio-Rad, Hercules, CA) using standard techniques. For ANT1 localization experiments, fractions containing 5 mg of proteins were loaded per well. Primary antibodies 
Cell viability and apoptosis assays
Cell viability was assessed by the MTT assay using thiazolyl blue tetrazolium bromide (MTT, Sigma) and Cell Death ELISA Plus (Roche Life Sciences, Indianapolis, IN), following the manufacturer's protocols. Apoptotic cell death was determined by Annexin-V-Fluos staining kit (Roche) following the manufacturer's protocol.
MtDNA studies
For mtDNA studies, DNA was extracted from myotubes (DM6 for Ant1-silenced and control cells, DM7 for cells expressing exogenous ANT1 or GFP for 4 days) with a standard phenol/chloroform method. The presence of mtDNA deletions was investigated using the Expand Long Template PCR system (Roche), according to the manufacturer's protocol. Primers sets for mouse mtDNA used for the PCR were previously described (44) .
MtDNA content was quantified by real-time PCR using the LightCycler FastStart DNA Master SYBR Green I (Roche). The amount of mtDNA-encoded COXI gene (F-gcccacttcgccatcatattcg, R-ggatatgagattggcttgaaacc) was compared among the different cell lines, with nuclear-encoded SDH (F-tactacagccccaagtct, R-tggacccatcttctatgc) as the reference gene (44) . Relative amount of DNA were determined based on the Pfaffl model (45).
Oxygen consumption
WT ANT1, mutant ANT1 or control GFP expressing C2C12 myotubes (DM6) were harvested and permeabilized with digitonin in isolation buffer containing: 20 mM imidazole, 20 mM taurine, 49 mM K-MES, 3 mM KH 2 PO 4 , 9.5 mM MgCl 2 , 2.7 mM CaCl 2 , 15 mM phosphocreatine, 5 mM ATP and 10 mM EGTA, pH 7.1. Oxygen consumption was measured in a Clark-type electrode oxygraph (Hansatech Inc., UK) in 0.5 ml of respiration buffer containing: 110 mM mannitol, 60 mM KCl, 10 mM KH 2 PO 4 , 5 mM MgCl 2 , 0.5 mM EDTA, 60 mM Tris -HCl, 10 mg/ml fatty acid-free BSA, pH7.4. Glutamate (10 mM) and malate (5 mM) were used as substrates and state 3 respiration was stimulated by 2 mM ADP. In order to inhibit the ADP-induced state 3 respiration in C2C12 cells to 50% of maximum, we used 0.5 mM carboxyatractyloside.
Enzymatic assays
COX activity was measured in cells used for respiration experiments with a spectrophotometric method described previously (46) .
Citrate synthase activity was measured as described previously (46) , with minor modifications. Briefly, 20 ml aliquots ( 30 mg of protein) were added to a 0.18 ml medium containing 20 mM Hepes pH 7.8, 0.5 mM oxaloacetate and 0.1 mM dithionitrobenzoic acid. The reaction was started after 3 min preincubation time by adding 0.36 mM acetylCoA. Changes in the absorbance at 412 nm due to 5--thio-2-nitrobenzoic acid formation were monitored in a Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA) at 258C. Activity was calculated as nmol/min/mg protein assuming an extinction coefficient for 5-thio-2-nitrobenzoic acid, of eM ¼ 7075 M 21 cm
21
. The light path for 0.2 ml volume in the well of a 96 plate is 0.5 cm. Protein content was measured by the bicinchoninic acid assay using bovine serum albumin protein as standards and calibrating by a 3 parameter power function, f ¼ y 0 + a × x b , where y 0 is background absorbance in the absence of protein, a and b are constants, and x is the amount of protein in the unknown samples.
For total ATP content measurement DM4 myotubes were transduced with ANT1 or GFP adenovirus. 24 h after transduction, the culture medium was replaced by DM containing galactose instead of glucose and cultured for further 48 h. Cells were washed in PBS and harvested with 4% TCA on ice. ATP content was measured with the ENLITEN ATP Assay System (Promega, Madison, WI) following the manufacturer's protocol.
For mitochondrial ATP synthesis assays DM4 C2C12 myotubes were infected with the ANT1 or GFP virus and harvested at DM6. ATP synthesis was measured by a luciferase/ luciferin-based assay as described previously (47) .
ADP-ATP exchange rate/membrane potential measurements DM4 C2C12 myotubes were transduced with WT, A114P or V289M ANT1 adenovirus. At DM6, ADP -ATP exchange rate by magnesium green (Invitrogen) and membrane potential with safranine O (Sigma) were determined in permeabilized myotubes as described previously (24) on a Spectramax M5 plate reader at 378C. ADP -ATP exchange rates were calculated by linear regression of the magnesium green fluorescence calibrated and converted to ATP appearing in the medium, as a function of calibrated safranine O values (48) . ADP -ATP exchange rates were normalized to protein levels and/or to citrate synthase activity and the average rates were plotted as a function of calibrated safranine O values. In Ant1-silenced and scrambled cells, the assays were performed as described above, in DM5 myotubes.
E rev_ANT is defined as the DCm value at which there is no net transfer of ADP -ATP across the IM. By thermodynamic deduction, E rev_ANT derives from the following equation: where 'out' signifies outside the matrix, 'in' inside the matrix, R is the universal gas constant 8.31 J mol 21 K
, F is the Faraday constant 9.64 × 10 4 C mol 21 and T is temperature (in Kelvin) (49) .
